・The loss of Lrp4 resulted in an elevated incidence of microphthalmia.
Introduction
Eye morphogenesis is a well-conserved process among vertebrates [1] . Many signaling pathways, including the bone morphogenetic protein (BMP), fibroblast growth factor (FGF), WNT, and Sonic hedgehog (SHH) pathways, control ocular developmental processes [2] [3] [4] .
Developmental eye morphogenesis defects cause severe congenital eye malformations.
Structural ocular anomalies, including microphthalmia (reduced ocular globe size), anophthalmia (ocular globe absence), and coloboma (optic fissure closure defects), have an estimated prevalence of 1 per 7,000, 1 per 30,000, and 1 per 5,000 live births, respectively [5] [6] [7] .
To date, several mutations in genes that mediate ocular development and cause microphthalmia, anophthalmia, and coloboma (MAC) have been identified in humans and model animals [8, Supplementary Table S1 ].
LRP4 is a type I single transmembrane protein of the low-density lipoprotein receptor protein family. In muscles, LRP4 serves as a receptor for agrin and is essential for the activation of muscle-specific tyrosine kinase and the clustering of acetylcholine receptors, thus leading to the formation of neuromuscular junctions [9] [10] [11] . Lrp4 knockout (Lrp4 −/− ) mice have shown various aberrant phenotypes: a failure to develop neuromuscular junctions and dying of respiratory failure at birth [11, 12] , fully penetrant polysyndactyly [11] [12] [13] , partially penetrant teeth abnormalities [13, 14] , impaired bone growth and increased bone turnover [15] , delayed ureteric budding and partially penetrant kidney agenesis [11, 12, 16] , small lung size [11, 12] , and amniotic fluid clearance pathways defects [12] . In addition, LRP4 can antagonize the canonical WNT signaling in vitro [13, 17, 18] . Here we further examined the functional role of LRP4 in vivo and found a novel phenotype of Lrp4 −/− mice with partially penetrant eye abnormalities.
Materials and Methods

Mice
We generated Lrp4 +/− heterozygotic mice [12] using the C57BL/6J congenic strain (B6 Thy1.1) derived embryonic stem cell line, Bruce4 [19] , and then backcrossed with C57BL/6JJcl mice (CLEA Japan) for at least six generations. Homozygous (Lrp4 −/− ) mice were obtained by intercrossing heterozygous (Lrp4 +/− ) mice for 12 h starting at 9:00 in the evening. We denoted the day at which the vaginal plug was found at noon as E0.5. Genotyping was performed as described [12] . We measured eyeball right/left diameters using a digital FPC-BW08 microscope and the Micro-Measure software (Forever Plus Corp.). We conducted all animal experiments in strict accordance with the recommendations in the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan). The Committee on the Ethics of Animal Experiments of Shinshu University approved the protocol (Permit no. 270015). We carried out all surgeries under sevoflurane inhalation anesthesia (Mylan), and we made all efforts to minimize animal suffering.
Tissue preparation for histological analyses
We prepared tissue sections by two methods: A and B. In Method A, we decapitated mouse embryos (E18.5) and fixed the cranial parts in Davidson's fixative (37.5% [v/v] we cut the fixed cranial parts coronally near the eyeballs using a blade and then dehydrated the fixed specimens containing eyeballs through a graded series of alcohol, paraffin embedding, and coronal sections (3.75 m) to obtain the best-aligned sections of the optic vesicle. We then processed the obtained sections for hematoxylin and eosin staining, or in situ hybridization (see below). In Method B, we used a double embedding technique to embed the tissues in accurate planes or to keep them in a proper orientation. We dissected the eyes out from formalin-fixed cranial parts. The specimens were superficially wrapped in 2% agarose (the first embedding), subjected to paraffin embedding (the second embedding), and then sectioned.
In Situ Hybridization
We amplified mouse Lrp4 cDNA (NM_172668; nucleotide positions 6322-7094) by PCR and subcloned the PCR products into the pGEM-T Easy Vector (Promega). We set up in vitro transcriptions to synthesized digoxigenin-labeled antisense Lrp4 RNA probes with the T7 RNA polymerase from SalⅠ-digested plasmid using the DIG RNA Labeling Kit (Roche). After hydrating the sections, we incubated them in an antigen retrieval solution HistoVT One (Nacalai Tesque) at 95°C for 40 min and washed them in TBS (Tris-buffered saline: 25 mM Tris [pH 7.4] , 137 mM NaCl, and 2.68 mM KCl) thoroughly. We then subjected the sections to prehybridization in a hybridization buffer (50% formamide, 5x SSC [sodium chloride sodium citrate buffer], 5x Denhardt's solution, 0.25 mg/mL yeast tRNA, 0.5 mg/mL heat-denatured salmon sperm DNA) for 1 h at 23°C and then carried out hybridizations at 65°C for 18 h with a probe at a concentration of 1-2 g/mL in a hybridization buffer. We performed three posthybridization washes in 0.2x SSC at 65°C for 20 min each. The sections were then blocked with 1.5% Blocking Reagent (Roche) at 24°C for 1 h and incubated at 24°C for 3 h with anti-digoxigenin-AP conjugate, Fab fragments (1: 500, Roche). After three washes in TBS every 20 min, we subjected the sections to colorimetric development in a BCIP (5-bromo-4-chloro-3-indolyl phosphate)-NBT (nitro blue tetrazolium) solution (Nacalai Tesque). We mounted the washed sections with covers on a slide and collected images using an Axio Observer Z1 light microscope (Zeiss).
RNA isolation and quantitative RT-PCR
We extracted total cellular RNA from the eyeballs using ISOGEN-II (Nippon Gene) according to the manufacturer's instructions. cDNA was synthesized using ReverTra Ace ® qPCR RT Master Mix with gDNA Remover (Toyobo) according to the manufacturer's instructions.
Quantitative RT-PCR (qPCR) was set up using primers as described in Supplementary Table S1 and using THUNDERBIRD ® SYBR qPCR Mix (Toyobo) on a StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific). All primers were first checked for their ability to specifically amplify defined mRNA regions. The signal values were normalized to Gapdh signals.
Statistical Analysis
Results are presented as means ± SD. For parametric test we tested data on the two groups for normality (F-test) and analyzed the significance using Student's t-test with or without Welch's correction. For nonparametric test we analyzed the significance, an odds ratio (OR) and corresponding 95% confidence internal (95% CI) using Fisher's exact test. In all the cases, we used the statistical software Prism 6.0 (GraphPad Software), and we considered differences to be statistically significant if P < 0.05.
Results
The qPCR analysis using fetal tissues at E18.5 revealed that Lrp4 mRNA was expressed in all tissues that we examined, including in eyeballs, but most significantly in the lungs followed by the fetal membranes, with moderate expressions in the pancreas and olfactory bulbs ( Fig. 1A) .
Our in situ hybridization analysis revealed that Lrp4 mRNA was relatively highly expressed in the lens ectoderm (including the transitional zone), inner neuroblastic layer in the retina, ciliary marginal zone, ciliary muscle, and corneal epithelia in fetal eyeballs at E18.5 (Figs. 1B-1D).
Thus, we concluded that Lrp4 mRNA is expressed in the eyes.
Initially, we observed that the loss of Lrp4 resulted in an elevated incidence of microphthalmia, as judged by gross examination [apparent small eye(s)] ( Table 1 and Supplementary Table S2 ).
Next, we measured the eyeball's right/left diameter, confirmed the normal distribution of data on the three groups, and defined microphthalmia as an eyeball with a at least two SDs below the mean (inferior extremity of 95% CI) for mice in the same developmental stage (Table 1 and Supplementary Table S2 ). The incidence of microphthalmia in Lrp4 −/− mice was higher than that in their wild-type and Lrp4 +/− littermates as well. Right eyes were more often affected than the left ones, and when both were affected, there was a tendency for the right one to be more severely affected than the other one (Table 1 and Supplementary Table S2 ). Similar findings (affected right sides predominated) have been reported for newborn inbred C57BL/6JKt mice [21] and Dkk1 (an antagonist of the canonical Wnt signaling) heterozygous null mice [22] .
Microphthalmia in Lrp4 −/− mice showed variations in deformity. About 48% of Lrp4 −/− mice with microphthalmia had accompanying ocular coloboma (Table 1) . We observed microphthalmia associated with typical ocular coloboma and a small pupil in Lrp4 −/− mice (Figs.
2A, 2B and Supplementary Fig. S1 ). One eye in an Lrp4 −/− mouse was visible through the fused eyelids ( Fig. 2C) , whereas the other eye was not visible externally (Fig. 2D ). Dissection of this mutant head revealed a very small eye with a little abnormal retinal tissue, but buried within the skull, directly beneath the brain (Fig. 2F) .
The morphology of the retinas in Lrp4 −/− mice was examined by histochemical analysis, and we confirmed the failure of the optic fissure closure in Lrp4 −/− fetal eye (Fig. 3A-C ). In addition, in some Lrp4 −/− and control (wild-type and Lrp4 +/− ) mice, the inner neuroblastic layer of the retina appeared to have an aberrant form, and a portion of the retina (Fig. 3D , E, K, and M) or a nodule of dysplastic primary vitreous (Fig. 3F, N , O, and P) was attached to the posterior lens.
Eight out of 32 Lrp4 −/− mice had aberrant retinal folds, which appeared pleated and corrugated in the eyeball ( Table 2 and Fig. 3H-P) . On the other hand, three out of 48 control mice carried retinal folds ( Table 2 and Fig. 3D-G) . The right retinas were more often affected than the left ones, and microphthalmia enhanced the incidence of retinal folds in both Lrp4 −/− and control mice ( Table 2 ). Five (Fig. 3H-M To understand the molecular mechanisms of the aberrant ocular phenotypes of Lrp4 −/− mice, we performed qPCR analyses of the eyeballs isolated from E18.5 using specific primers for 69 genes related to MAC and eye development, including BMP, SHH, FGF, and WNT signaling ( Supplementary Table S1 ). Twenty mRNAs for Foxe3, Pax6, Pitx3, Shh, Wnt7, Bmp2, Bmp4, Bmp7, Smad1, Id1, Id2, Id3, Ptch1, Smo, Gli1, Gli2, Gli3, Fgfr1, Fgfr3 , and Yap1 genes were downregulated in Lrp4 −/− eyes compared to those in the wild-type eyes ( Table 3 ). The mutants of seven genes-Foxe3, Pax6, Pitx3, Shh, Bmp4, Bmp7, and Yap1-have been shown to generate MAC phenotypes ( Table 3) .
Discussion
In the present report, we described a novel microphthalmia phenotype of Lrp4 −/− mice and presented the possible causes for it. BMP4 and BMP7 are implicated in the control of multiple events during eye development in mice. BMP4 heterozygous null mice [23] and BMP7 knockout mice [27, 28] have shown either anophthalmia or microphthalmia (35% in [23] , 96% in [24] , and 71% in [25] ). ID1, ID2, and ID3 are targets of BMP signaling for the differentiation of retinal progenitor cells [26] , and the mRNA expressions were reduced in Lrp4 −/− mice ( Table   2 ). Inactivation of the downstream effector of BMPs, SMAD4, in the ocular surface ectoderm that forms the lens, cornea, and eyelids leads to microphthalmia and retinal dysplasia and affects the expression of members of BMP, SHH, and WNT signaling pathways in the retina [27] , including the Bmp7, Gli2, Gli3, Ptch1, and Smo mRNAs whose expressions were reduced in our Lrp4 −/− mice at E18.5 (Fig. 3 ). In addition, disruption of Lrp4 decreased the expression of the Foxe3 and Pitx3 mRNAs that were also reduced in E10.5 embryo eyes with conditionally deleted Bmp4 from the optic vesicle [28] . These results suggest that the loss of Lrp4 affects the expression of members of BMP and SHH signaling pathways, resulting in microphthalmia.
Similarly, studies have reported that the deletion of Lrp4 leads to expression pattern changes including ectopic expression of some molecules involving WNT, BMP, FGF, and SHH signaling in the apical ectodermal ridge (Wnt7, Bmp2, Bmp4, Fgf8 , Shh, and Gli1 mRNA), in developing teeth (Bmp4, Bmp7, Shh, Gli2 , and Ptch1 mRNA), and in developing kidneys (Wnt11 mRNA) [13, 14, 16] .
Histochemical analysis of all Lrp4 −/− mice with aberrant retinal folds revealed retention of both lenses. In contrast, in ocular surface ectoderm-specific Smad4 knockout mice with aphakia, the retina appeared pleated and corrugated, whereas in the mutants with microphthalmia (but not aphakia), the retina formed a proper cup-like structure [27] . Lrp4 conventional knockout mice may be susceptible to retinal folds. In humans, such retinal folds are seen in Norrie's disease [29] or in patients with familial exudative vitreoretinopathy (FEVR) [30] . Mutations in the NDP gene cause Norrie's disease, and mutations in the FZD4, LRP5, or NDP gene cause FEVR. 3.00, 95% CI: 1. coloboma 23 right and 5 left; OR: 4.60, . This was significantly different from the expected proportion. Lrp4 -/-] were examined. .*1 One mouse also presented aphakia on the right eye. Table S1 ). Twenty-nine wild-type and 19 Lrp4 -/fetal eyeballs at E18.5 were analyzed. Differentially expressed genes (P<0.05) in wild-type and Lrp4 -/eyeballs are shown. Microphthalmia with coloboma was observed on the right eye.
Deletion of
